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Impact-induced melting of planetary surfaces
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ABSTRACT

The objective of this paper is to determine the thickness of the melt layer rela-
tive to the crater diameter for simple and complex craters. A numerical code was
employed to calculate the amount of melting and the crater geometry. We used the
code results and the scaling formalism of Holsapple and Schmidt (1987) to deter-
mine the sealing laws for the relative melt layer thickness.

Simple crater dimensions are dominated by impact parameters and the planet’s
strength, whereas complex crater dimensions are dominated by planetary gravity,
strength, and the impact parameters.

The volume of melt is proportional to impact energy for impact velocities and
melt enthalpies of interest to planetary science. Crater geometry and dimensions
scale with an exponent, p, which is intermediate between momentum (i = 1/3) and
energy (U = 2/3) scaling. For simple craters, the melt layer thickness/crater diameter,
T/D, for a given planetary surface (constant melt enthalpy and mean impact veloc-
ity), is independent of the crater size. For complex craters, 7/D, for a given planetary
surface (constant melt enthalpy, impact velocity, and gravitational acceleration), in-
creases with the size of the crater. For simple craters, at a fixed size, the relative melt
layer thickness, 7/D, increases slowly with increasing impact velocity, U, according to

o<U%1), whereas, for complex craters (o<U?22),

INTRODUCTION

Previous investigators have examined impact-induced melt-
ing of planetary surfaces with a focus on the total amount of melt
produced and the depth into the planet of melting. The focus of
this study is to relate the crater observables both from remote ob-
servations and earth crater measurements that are associated with
melting, with the nonobservables that can be calculated from de-
tailed computer models.

Data related to impact melting on other planets that are
observable remotely are limited. The spatial extent of the melt
pool within the crater can be inferred by the change in the sur-
face reflectance properties. Because the depth of melting can-
not be measured remotely, the melt volume that remains
within the crater can not be calculated. In the case of flooding
of the melt outside the crater rim, crude estimates of the exter-
nal melt volume can be made from assumptions of the local
topography. In any case, the total melt volume and the depth

of melting are not observable and have to inferred from mod-
eling of the impact process. The other major crater observ-
ables are the crater diameter, and ring positions for complex
craters and the equilibrated (after rebound) depth.

In the case of Earth impacts, the ability to make field
measurements helps quantify some of the aspects of melting.
The melt layer thickness within the crater at various locations
can be determined from drill hole measurements. From these
measurements, estimates of the volume of melt within the cra-
ter can be made. The volume of melt that is ejected outside the
crater cannot be easily measured. Part of the melt is ejected in
the high-speed ejecta sheet which becomes unstable and breaks
up into fine particles, via hydrodynamic instabilities induced
by the ejection process. These instabilities form as a result of
molten ejecta interaction with the impact-induced vapor plume
(for high-velocity impacts) or the planet's atmosphere (O’Keefe
and Ahrens, 1982). These melt particles can be widely dis-
persed as in the case of tektites. Even estimating the amount of
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melt in the close-in ejecta blanket is difficult to quantify be-
cause of mixing with unmelted rock fragments. The depth of
impact-induced melting within the planetary surface prior to
modification by the cratering process is sometimes an observ-
able. It is an observable when there is a well-defined layering
sequence that can be used to reference the position of the melt
boundary. The other major observables for terrestrial craters
are the diameter, crater profile, distribution of shock-induced
seismic wave velocity deficits resulting from rock cracking,
and various degrees of shock metamorphism detectable as a
function of position as observed via various microscopies.

The specific objective of this paper is to determine the
thickness of the melt layer relative to the crater diameter. The
diameter is almost always an observable and, as pointed out
previously, the melt layer thickness is an observable for some
terrestrial impacts. ‘

The scope of this paper is to calculate the ratio of melt
layer thickness to crater diameter, 7/D, for simple and com-
plex craters. Simple crater dimensions are dominated by the
planet’s strength and the impactor size and velocity, whereas
for complex craters, final dimensions are dominated by the
planet’s gravity and strength, and the impactor size and veloc-
ity. For simple craters we calculated the melt layer thickness at
the time of maximum penetration which also occurs at the end
of the crater development. For complex craters we also calcu-
lated the melt layer thickness at the time of maximum penetra-
tion; however, in this case, the crater will rebound, and the
observed melt layer thickness will be slightly greater. We car-
ried out the calculations to the point where the crater diameter
had stopped growing, but the crater floor was still moving up-
ward and had not come to rest.

We examined the normal impact of spherical projectiles

onto a similar composition semi-infinite planetary surface ma-
terial. The model did not include the planet’s atmosphere; this
would not strongly affect the melt layer in the crater, but
would be important in the dispersal of the melt ejecta. We
used an Eulerian-Lagrangian code (CSQ) developed by
Thompson (1979) to calculate the pressure, density, particle
velocity, and thermal energy fields as a function of time. The
equation of state parameters are given in Table 1. In all cases
the planet and impactors were similar materials and were at
normal density (e.g., not porous).

We carried out this series of calculations over a broad
range of impact conditions. These calculations are discussed in
detail in O’Keefe and Ahrens (1993) and are listed in Table 1.
The key parameters are the impactor velocity (U), impactor ra-
dius (a), planetary strength (Y), gravity (g), and the enthalpy re-
quired for ambient conditions to completely melt (H, ). We used
the scaling framework of Holsapple and Schmidt (1987) to de-
velop scaling laws in the various impact regimes. The impact
parameters and the dimensionless parameters are also defined
and listed in Table 1. The magnitude of the three dimensionless
parameters ga/U?, Y/pU?, H_/U* are measures of the dominant
mechanisms controlling the cratering process. The inverse
Cauchy number, Y/pU?, is a measure of planetary strength rela-
tive to the impact pressure forces; the inverse Froude number,
gall2, is a measure of the gravitational forces relative to the im-
pact pressure forces; and the melt number, Hm/Uz, is a measure
of the magnitude and relative importance of melting. In deter-
mining the range of calculations, we had a choice of either vary-
ing the projectile size or the gravitational acceleration; for ease
of computation we varied the gravitational acceleration over six
orders of magnitude, which is equivalent to varying the im-
pactor radius from 5 m to 5,000 km. In determining the range of

TABLE 1. SCOPE OF PARAMETERS STUDIED FOR IMPACT OF SILICATE PROJECTILE
ON A PLANETARY HALFSPACE

Parameter Symbol Values Employed Units
impact velocity u 12 km/sec
Planetary gravity g 0,1,10% 104, 10% 10%,x g, g, (980 cm/sec?)
Density o 27 glem?
Bulk modulus E 7.6x 10" dynes/cm?
Gruneisen coefficient Y 20 L.
Melt enthalpy Hp 1.1x10% 1.4 x 10" ergs/g
Yield strength Y 0,0.24, 24,56, 24, 28, 140, 240, 2,400 kbar
Inverse Froude Number ga 0.0,3.4x107,3.4x105,3.4x103,

w7 3.4x10234x10" L
Inverse Cauchy Number _Y _ 0.0,6.2x109% 6.2x 104, 1.4x 103,
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C
[N]

6.2x10%,7.2x 103,36 x 102,

6.2x10262x10"

Melt number
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7.4x10%,7.4x 102
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the melt number, we restricted the impact velocity to 12 km/sec
SO as to not get into the impact regime where significant amount
of vaporization would occur. For silicates, this restricts the
range over which the scaling laws are accurate to velocities less
than 30 km/sec.

BACKGROUND

O’Keefe and Ahrens (1977) examined the impact melting
of planetary surfaces and found that the total volume (V,,) of
melt scaled as the energy of the impactor (U?). Subsequently,
Bjorkman (1984) and Bjorkman and Holsapple (1987) exam-
ined this problem from the framework of their coupling the-
ory. They predicted that the relative melt volume should scale
as follows:

==

a3

H 1-3um?2
o [72} ¥ \ )

where [ is an exponent to be determined from either experi-
ment or calculations. When Uy, = 0.66, the volume of melt is
proportional to the energy of the impactor; when ., =056 to
0.58, the volume of melt scales in between energy and mo-
mentum scaling, and it scales in the same manner as the other
aspects of the cratering process do at late times. These other
aspects include the depth, diameter, and crater lip height (e.g.,
O'Keefe and Ahrens, 1993; Holsapple, 1993).

To understand why the melt volume did not scale in the
same manner as the other aspects of the cratering process at
late times, Bjorkman and Holsapple (1987) carried out a series
of calculations in which they varied the velocity from 5 to 100
km/sec. They concluded that the total volume of the melt
scaled with the energy of the impact up to velocities approach-
ing 50 km/sec. The latter velocity is near the upper limit of in-
terest in planetary impact cratering. At velocities greater than
50 km/sec, the melt volume was found to approach the same
scaling relation as other aspects of the crater evolution at late
times. They attributed this lack of consistency with the cou-
pling theory at lower velocities due to the failure of the point
source approximation. The point source approximation is used
in the coupling theory of Holsapple and Schmidt (1987). The
point source approximation is not expected to provide a good
description of phenomena that occur close to the impactor and
have spatial scales on the order of or less than the impactor
size. Physically, the reason for this difference is that most of
the melting occurs during the penetration of the projectile for
conditions typical of planetary impacts. During penetration,
the interface between the impactor and the planet grows lin-
early with time. This occurs for dimensionless times, T = Ut/a
<5. During penetration and for t <5, cratering phenomena
scale with impactor kinetic energy. However, for T 23, release
waves from the free surface of the planet and the back of the
projectile will overtake the expanding shock wave and cause
the wave to decay more rapidly. It is well known that the con-
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ditions behind the shock wave are subsonic, and release waves
will always overtake the shock. The minimum decay of the
shock wave would occur for energy scaling and the maximum
for momentum scaling. The coupling theory gives shock-wave
decay rates that are in between these two limits.

In summary, the volume of melt, which is produced at
early times, scales as the energy of the impactor for most situ-
ations; however, the observable, which is the configuration of
the crater produced at late times, scales as less than energy
scaling, and from our previous series of calculations (O’Keefe
and Ahrens, 1993), is well described by the Holsapple and
Schmidt point-source formalism.

SCALING RELATIONS

From Equation 1, the thickness of the melt layer (7)
scales as

T H_| o
— T Kl @

Under conditions where Hm/U2 > 4 x 10 (Bjorkman and
Holsapple, 1987), then the melt layer exponent K, is equal to
0.66, which results in energy scaling. This is the situation for
most planetary impacts, where H_ > 10'° ergs/g and U < 20
km/sec, which gives H,_/U? = 2.5 x 107. When H_/U? <4 x
1074, then the melt layer thickness exponent (i, ) approaches
the value of the coupling exponent (it). This latter situation oc-
curs for high-speed impacts and/or for hot planets.

SIMPLE CRATERS

For simple bowl-shaped craters, the shape is dominated
by the strength of the planet. The shape of a simple crater at
the end of its growth, along with contour plot of the associated
enthalpy field is shown in Figure 1. The diameter (D) of the
crater scales as

D Yy w2

2
pU?

where W is the coupling exponent of Holsapple and Schmidt

(1987). The melt layer thickness relative to the crater diameter

is obtained by dividing Equation 2 by Equation 3 giving

T Y w2 [H Tumw2
D K pU? g &

An example of the melt layer thickness at the end of crater
growth is shown in Figure 1. Using these results to evaluate K
and rearranging Equation 4 gives
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Figure 1. Simple crater near the end of crater growth, T = 16. Here 1, normalized time, is T = tU/a,
where actual time since impact is t. The inverse Cauchy number is 1.44 x 1073 and the inverse Froude
number is 3.7 X 10~7. Shown in the figure are enthalpy fields and tracer particle trajectories. Left:
Contours of enthalpy, normalized to enthalpy required to melt from ambient temperature. Shaded re-
gion is at temperatures greater than the melt temperature. Right: Displacement of material from the in-
itial position. Arrows indicate direction of displacement. '
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For most situations of interest in planetary impact (H_/ U?
>4 x 107%), the melt exponent, W, is 0.66 (energy scaling) and
the coupling exponent, W is 0.56 (O’Keefe and Ahrens, 1993;
Holsapple, 1993). This gives p/2 = 0.28 and (u_, — 1)/2 = 0.05.
For simple craters, 7/D, for a given planetary surface (constant
melt enthalpy and impact velocity), is independent of the cra-
ter size. The value of 7/D, for a constant melt enthalpy and
impact velocity, increases with the planet’s strength. That is,
the amount of melting is constant (and is established at early
times) and the melt thickness is then determined by the size of
the crater cavity which is controlied by the strength. Note that
for this case there is a weak velocity dependence, «<U%!; for
an order of magnitude increase in velocity there is only a 25%
increase in relative melt layer thickness. For very high speed
impacts and/or hot planets, (H_/U? <4 x 107%), then p_ = j,
and the relative thickness is independent of velocity. Equation
5 is plotted in Figure 2, for various values of Hm/Uz.

T/D

Terrestrial ;Ian&

aal

10°

10" 10’

Y/pH,,
Figure 2. Simple crater melt layer thickness, 7, divided by crater di-
ameter, D, as a function of Y/pH_ for various values of Hm,Uz. The

melt coefficient (1) was taken to be 0.66 and the coupling coeffi-
cient (i) was taken to be 0.56.
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COMPLEX CRATERS

For complex craters, gravity plays a dominant role in de-
termining the transient crater diameter and depth of penetra-
tion and is balanced by strength forces in determining the final
shape. The shape of a typical complex crater at the time of
maximum penetration, along with contour plots of the en-
thalpy field is shown in Figure 3.

The final crater diameter for nominal planetary crustal

strengths scales as
D a w2 +p)
gy . ©6)
a uU?

The melt layer thickness relative to the final crater diame-
ter is given by dividing Equation 2 by Equation 6, yielding
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The constant K as before was evaluated from the code
runs; an example of the melt layer thickness at the time of
maximum penetration is shown in Figure 3. From these re-
sults, K = 0.75.

Rearranging Equation 7 gives

a we+w [ H T+#2re+w [H_1-120m+
= 0.75 g_ —m —m ®)
H u? uU?

m

o~

Equation 8 is plotted in Figure 4. For a given average
planetary surface (constant melt enthalpy, average velocity,
and gravitational acceleration), the relative thickness of the
melt layer increases with the size of the crater. This occurs be-
cause the thickness of the melt increases linearly with the ra-
dius, whereas the diameter of the crater increases at less than a
linear rate with increasing impactor radius; the gravitational
forces play a greater relative role with increasing crater size.
In addition, for a fixed impactor size, constant gravitational
acceleration and melt enthalpy, the relative thickness of the
melt increases with impact velocity because more melt volume

A2+ ) -2
I _ s Hy e ™
D U2 U?

At Melt Temperature
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Figure 3. Complex crater at the time of maximum penetration in the gravity dominated regime, T =
10.2. Shown in the figure are the enthalpy field and tracer particle trajectories. The inverse Froude
number is 3.4 x 1072, and the inverse Cauchy number is 6.17 x 103, Other symbols are the same as
in Figure 1. The shaded region is at temperatures greater than the melt temperature.
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Figure 4. Complex crater melt layer thickness at the time of maxi-
mum penetration, 7, divided by the final crater diameter, D, as a
function of ga/H_ for various values of Hm/Uz. The melt exponent
(1) was assumed to be equal to 0.66 and the coupling exponent, . =
0.56. The lines on the figure are for the terrestrial bodies with the
properties given in Table 2, and for an impactor radius of @ = 1 km.

is produced with increasing velocity than crater volume. For a
fixed impactor velocity and impactor radius, the relative melt
thickness increases with planetary gravity because the melt
volume is independent of gravity, whereas, the crater volume
decreases with gravitational acceleration. Thus, for a given
impact condition, the relative melt layer thickness would be
greater on planets with higher gravitational acceleration. The
last term in Equation 8 accounts for the difference between en-
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ergy and coupling parameter scaling. Note that as opposed to
simple crater energy scaling, even if the last exponent is zero,
the relative thickness is still a function of velocity.

LATE STAGE MELT LAYER FLOODING

In gravity dominated craters, the gravitational forces cause
a dynamic collapse of the transient crater cavity (O’Keefe and
Ahrens, 1993) and if there is sufficient melting, flooding of the
crater with melt occurs. Shown in Figure 5 is a gravity-domi-
nated crater in the terminal phase of evolution. The melted re-
gion forms a pool of melt and because of the uplifting of the
center of the crater can give rise to external flooding. The im-
pact regime where melt flooding is expected is indicated in
Figure 4.

CONCLUSIONS

The volume of melt is proportional to the impact energy
for velocities and melt enthalpies of interest to planetary sci-
ence. The crater geometry scales with an exponent, W, which is
intermediate between momentum (U = 1/3) and energy (UL =
2/3) scaling. For simple craters, the melt layer thickness/crater
diameter, for a given planet surface (constant melt enthalpy and
mean impact velocity), is independent of the crater size. For
complex craters, the melt layer thickness/crater diameter for
given planetary surface (constant melt anthalpy, average veloc-
ity, and gravitational acceleration), increases with the size of
the crater. For simple craters the relative melt layer thickness is
weakly dependent upon velocity (<U%1'), and for complex
craters, the relative melt layer thickness is also weakly depend-
ent upon velocity (e<U/0-22),

TABLE 2. SHOCKINDUCED MELT PARAMETERS FOR
TERRESTRIAL PLANETS AND ICY SATELLITES

Object Surface Mean Dynamic Surface Enthalpy to

Gravity Asteroidal Strength* Temperature Melt
Impact Velocity

(cm/sec?) (km/sec) (kbar) °K) 10 (ergs/g)
Earth (An)t 980 18 35 250-310 2.04
Moon (An) 160 14 35 120-370 2.04
Mars (An) 370 10 35 200-245 2.10
Venus (An) 860 18 35 730 1.62
Mercury (An) 358 20 35 600 1.77
Europa (H,0) 130 19 2 124 0.57
Ganymede (H,0) 140 15 2 140 0.54
Callisto (H,0) 130 13 2 150 0.53

*Hugoniot elastic limit value. This is the peak value. Fractured material will be weaker by a factor of

107to 102

TAn indicated anorthite silicate assumed. H,0 indicates hexagonal ice.
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Figure 5. Impact-induced flow field in the terminal phase. Plot shows rebounding of gravity domi-
nated crater and development of flooding of the melt layer onto surface at T = 50. The inverse
Froude number is 3.4 x 10-2 and the inverse Cauchy number is 6.2 x 10-5,
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